Transgenic Bt-modified crops release toxins into soil through root exudates and upon decomposition of residues. The fate of these toxins in soil has not been yet clearly elucidated. Nanogoethite was found to have a different influence on the lifetime and insecticidal activity of Bt toxin. The aim of this study was to elucidate the adsorption characteristics of Bt toxin on nanogoethite and its activity changes before and after adsorption. The adsorption of toxin on nanogoethite reached equilibrium within 5 h, and the adsorption isotherm of Bt toxin on nanogoethite conformed to the Langmuir equation ( 2 > 0.9690). In the range of pH from 6.0 to 8.0, larger adsorption occurred at lower pH value. The toxin adsorption decreased with the temperature between 10 and 50 ∘ C. The results of FTIR, XRD, and SEM indicated that toxin did not influence the structure of nanogoethite and the adsorption of toxin only on the surface of nanogoethite. The LC 50 value for bound toxin was higher than that of free toxin, and the nanogoethite greatly accelerated the degradation of toxin by ultraviolet irradiation. The above results suggested that nanogoethite is a potential material for controlling the environmental risk of toxin released by Bt transgenic plants.
Introduction
Bacillus thuringiensis is a bacterium present in various environments, especially in the soil. During sporulation, B. thuringiensis produces crystals composed of proteins toxic to insects and other organisms, and the proteins produced by different strains of the bacterium are toxic to different species of insects, including various pests. Thus, the genes that encode these toxic proteins are important in agriculture, as the genes introduced into crop plants can render the plants resistant to its pests, thereby decreasing the need for chemical insecticides [1] . Genetically modified (GM) crops were first commercialized in 1996 and their use has rapidly expanded. A 105-fold increase of globally grown biotech crops has been reported from 1.7 million hectares in 1996 to 181.5 million hectares in 2014 [2] . However, there is a concern that genetically engineered crops may pose risks to natural and agricultural ecosystems [3, 4] . When genes that code for the production of these toxins are genetically engineered into plants, the toxins may continue to be synthesized and to be released into the soil in the growing period of plants [5] . In the case of transgenic plants, only usable portions of the plants are harvested, and the remainder of the plants' biomass containing the toxin is incorporated into the soil. Hence, the concentration of toxin in soil will be larger and present for longer periods than that introduced with commercial preparations of B. thuringiensis [6] . If production exceeds consumption by insect larvae and degradation by the soil microbiota, the toxin could accumulate to concentrations that may (1) constitute a hazard to nontarget organisms and (2) result in the selection and enrichment of toxin-resistant target insects [7] . The persistence of insecticidal protein is a function primarily of (1) the concentration added; (2) the rate of consumption by insect larvae; (3) the rate of inactivity and degradation by the indigenous microbiota and sunlight [8] . The toxins produced by transgenic plants were 2 Journal of Nanomaterials adsorbed rapidly (in <30 min, the shortest time studied) on mined clay minerals (montmorillonite and kaolinite), the clay-size fraction of soil, humic acids extracted from soil, and complexes of clay and humic acids [9, 10] . The insecticidal activity of bound toxin was comparable with or higher than that of free toxin [6, 11] . The adsorbed toxin is less accessible to microbial degradation, and its insecticidal activity can persist for 180 d or 234 d [8] .
It is important to study the environmental risk of toxin from Bt transgenic plants and the methods for overcoming the risk. Goethite, -FeOOH, is one of the most widespread forms of iron oxides in terrestrial soils, sediments, and ore deposits, as well as a common weathering product in rocks of all types [12, 13] . We found that some characteristics of nanogoethite were different with general soil minerals; for example, the persistent period of the toxin adsorbed on nanogoethite was far shorter than that of free toxin, which was inconsistent with the previous studies. Therefore, nanogoethite may be a potential material for control of the environmental risk of toxin in the soil. To our knowledge, no related studies have been published. The objectives of this study are to (1) investigate the loading capacity of nanogoethite for Bt toxin and (2) understand the effect of nanogoethite on the light degradation of Bt toxin.
Material and Methods

Purification of Toxin.
The transgenic insecticidal Cry1Ab protein (toxin) was expressed by an engineered strain (Escherichia coli), which was provided by the State Key Laboratory of Huazhong Agricultural University. The engineered strain producing Cry1Ab insecticidal crystal protein (ICP) was cultivated in a fermentor, at 30 ∘ C for 40 h with constant aeration until sporulation. The Bt powder was obtained by spray drying.
The complexes of crystals and spores were washed three times with 1 mol/L NaCl and three times with thrice distilled water. The toxin was purified from the crystals and spores using Huber buffer (0.1 mol/L Na 2 CO 3 -HCl, containing 25 mmol/L dithiothreitol, pH 9.5) [14] . The supernatant was sequentially filtered through 0.8, 0.45, and 0.2 m filters and dialyzed against distilled water for 48 h. The Cry1Ab protein precipitate was centrifuged at 20,000 g and then lyophilized. The molecular weight of the toxin was 66 kDa and consisted of 618 amino acid residues.
Preparation of Nanogoethite.
Nanogoethite was prepared by dissolving 50 g Fe(NO 3 ) 3 ⋅9H 2 O in 825 mL deionized water and titrated with 25 mol/L NaOH at the rate of 5 mL/min until the pH was near 12. The suspension was sonicated at 60 ∘ C for 48 h and then left standing for 10 h. The supernatant was removed and the precipitate was washed three times with deionized water and centrifuged at 8000 g for 15 min. The precipitate was resuspended in deionized water and the <200 nm particles were separated by centrifugation. The sample was identified by the XRD analysis. The specific surface area was 152.3 m 2 /g (N 2 adsorption method using the ST-2000/ST-08A instrument, Beijing Analytical Instrument Company); IEP (isoelectric point) was 8.2 (Zeta potential method using Shanghai Zhongchen Digital Technic Apparatus Company, China. The Zeta potential was plotted versus pH value, and the IEP was obtained according to the intersection point between the curve and horizontal coordinate).
Adsorption Experiment.
Two hundred milligrams of lyophilized toxin from B. thuringiensis was dissolved in 100 mL of 0.05 mol/L sodium phosphate buffer (pH 6-8).
The insoluble material was discarded after centrifugation at 20,000 g for 20 min. The concentration of toxin was determined by ultraviolet spectrometry at 280 nm using bovine serum albumin (BSA) as standard. Nanogoethite was suspended in sterilized deionized water at a concentration of 8 mg/mL. The adsorption was investigated at different time intervals from 0.5 to 7 h. The adsorption isotherm was measured in the range of toxin concentrations from 0.25 to 1.0 mg/mL and nanogoethite concentration of 0.25 mg/mL at pH 8.0. The nanogoethite-toxin mixtures were shaken at 25 ± 1 ∘ C for 5 h. The suspension was centrifuged at 20,000 g for 20 min and the absorbance of supernatant was measured as indicated previously. The amount of toxin adsorbed and percent adsorption were calculated according to (1) . The control experiment was performed with nanogoethite in the absence of toxin
where is the adsorption amount, mg/mg; 0 is the concentration of toxin before adsorption, mg/mL; 1 is the concentration of toxin after equilibrium adsorption, mg/mL; is the volume of adsorption solution, mL; is the weight of nanogoethite, mg.
The percent adsorption (%) can be calculated by
Effect of the nanogoethite concentration on adsorption was measured in the range of mineral concentrations from 0.25 to 1.0 mg/mL and a toxin concentration of 0.5 mg/mL at pH 8.0. Effect of pH on adsorption was conducted in the range of pH from 6.0 to 8.0 (phosphate buffer) at a toxin concentration of 0.15 mg/mL and a nanogoethite concentration of 0.5 mg/mL. Effect of temperature on adsorption was investigated from 10 to 50 ∘ C with a toxin concentration of 0.5 mg/mL and a nanogoethite concentration of 1.0 mg/mL at pH of 8.0. For all the experiment three repeats were performed and standard deviation was calculated.
Determination of Insecticidal Activity.
The toxin adsorbed on nanogoethite was diluted to 100 g/mL. Twenty milliliters of the diluted solution was transferred into a Petri dish (diameter 10 cm), which was placed under a 20-watt ultraviolet lamp emitting a wave length of 253.7 nm. The vertical distance between the lamp and the Petri dish was 30 cm. The Petri dish was shaken for 10 s every 15 min. After one hour of irradiation, the insecticidal activity of the toxin adsorbed on nanogoethite was determined. Heliothis armigera was used to determine the insecticidal activity of toxin. To prepare the infection feed, the free toxin and equivalent amount of toxin bound on nanogoethite were diluted to 100, 50, 25, 12.5, 6.25, and 3.13 g/mL. Twenty milliliters of liquid feed was dispersed into 24 holes of an incubation plate. After air-drying, one instar larva was placed into each hole and incubated at 30±2 ∘ C for 72 h. The lethality was determined and the lethal concentration to kill 50% of the larvae (LC 50 ) was calculated. Sterilized nanogoethite instead of Bt toxin sample was used as control.
X-Ray Diffraction (XRD).
Relative changes in the basal spacing of nanogoethite before and after Cry1Ab protein adsorption were identified by X-ray diffraction (XRD). The oriented samples on glass slides were scanned by a diffractometer (Rigaku D/max-2500, Japan). The diffraction angle (2 ) was from 3
∘ to 80 ∘ with a scanning speed of 8 ∘ /min. Cu k radiation was used as the X-ray source, which was operated at 40 kV and 100 mA, respectively.
Infrared Spectroscopy and Scanning Electron Microscope.
Fourier transform infrared (FTIR) adsorption spectra of Cry1Ab protein, nanogoethite before and after immobilization of Cry1Ab protein were recorded on a Nicolet AVATAR 330 spectrometer using KBr pellets. For each sample, a total of 64 scans at 4 cm −1 resolution were used. The surface morphology of nanogoethite before and after immobilization of Cry1Ab protein was examined on a Hitachi S-4800 scanning electron microscope (equipped with an X-ray dispersive analyzer).
Results and Discussion
Effect of Time.
The adsorption of toxin on nanogoethite increased rapidly initially and then reached equilibrium within 5 h (Figure 1) . No remarkable increase in adsorption was observed after 5 h. Therefore, the adsorption time for 5 h was chosen in other experiments. Previous study showed that the adsorption of toxin on mined clay minerals (montmorillonite and kaolinite), the clay-size fraction of soil, reached equilibrium within 30 min [7] . The present study indicated that the adsorption time of Bt toxin varied with the types of minerals.
Adsorption Isotherms.
The adsorption data were fitted to the Langmuir equation with high regression coefficient ( 2 > 0.9690). In the range of toxin concentrations from 0.25 to 1.0 mg/mL, the adsorption amounts increased rapidly at the initial stage and then reached equilibrium gradually (Figure 2) . The maximal adsorption amount of Bt toxin calculated by the Langmuir equation was 0.48 mg/mg.
Effect of pH.
In phosphate buffer, the amount of toxin adsorbed on nanogoethite decreased by 20.0% from pH 6.0 to 8.0 (Figure 3) .
Adsorption of protein on mineral may involve a variety of physical and chemical interactions such as electrostatic force, hydrogen bond, hydrophobic force, and Van der Waals force [9, 15] . Protein molecules encounter minimal repulsive forces with each other at the IEP (isoelectric point), which results in maximum collisions with charged mineral surfaces. Greater adsorption at lower pH observed in our experiment was attributed to the IEP (5.5) of toxin from B. thuringiensis, which was consistent with the recent studies [16, 17] .
Effect of Nanogoethite/Toxin
Ratio. At a fixed toxin concentration (0.50 mg/mL), the adsorption percentage of toxin increased with nanogoethite concentration from 0.25 to 1.0 mg/mL until a more or less flat plateau was attained ( Figure 4) . However, when the data were expressed as the amount of toxin adsorbed per unit weight of nanogoethite, the relative toxin adsorption decreased as the amount of the nanogoethite was decreased ( Figure 5 ). When the nanogoethite concentrations were 0.25 and 1.00 mg/mL, the amount of the toxin adsorbed on the nanogoethite was 0.29 and 0.11 mg/mg, respectively.
Effect of Temperature.
As temperature increased from 10 to 50 ∘ C the amount of toxin adsorbed on nanogoethite decreased by 8.4% (Figure 6 ). Venkateswerlu and Stotzky [18] reported that the adsorption of protoxin and toxin on montmorillonite and kaolinite was not considerably affected by temperature between 7 and 50 ∘ C. Zhou et al. [19] found that the adsorption of protoxin and toxin on montmorillonite, kaolinite, and silica was a spontaneous, exothermic process in the range of temperature from 278 to 318 K, which was consistent with the present studies. 
The Insecticidal Activity of Nanogoethite-Toxin Complexes.
As shown in Table 1 , both free and bound toxin were toxic to the larvae of Heliothis armigera. The LC 50 values for bound toxin were higher than that of free toxin; that is, the insecticidal activity of toxin decreased after adsorption on nanogoethite, which was inconsistent with the previous study [20] . In fact, the insecticidal activity and degradation depend on the types of toxin and minerals, pH, temperature, and other physicochemical and biological characteristics of soil [4, 21] .
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After one hour of ultraviolet irradiation, the LC 50 of the free toxin and the B. thuringiensis powder increased by 31.0% and 27.5%, respectively, whereas the adsorbed toxin on nanogoethite increased by 883.8%. Zhou et al. [22] reported that montmorillonite and rectorite could protect the protoxin from ultraviolet irradiation damage, but zinc oxide and kaolinite accelerated the damage of ultraviolet irradiation. Nevertheless, the accelerated extent for the degradation of toxin by nanogoethite was much higher than those by zinc oxide and kaolinite. The reasons for the fast degradation of toxin bound on nanogoethite can be attributed to two aspects:
(1) The nanogoethite ( -FeOOH) is a mineral with a high IEP (8.2), which is much higher than the common soils. The soil pH has important influence on the degradation and persistence of Cry proteins. For example, the proteins appear to persist longer in acidic soil, as a result of decreased microbial activity at the lower pH [21, 23] . Therefore, the stability of toxin in alkaline or neutral condition was less than that in acidic condition.
(2) The nanogoethite has a function of catalytic decomposition for organic matter [24, 25] . Therefore, the fast degradation of toxin adsorbed by nanogoethite may be due to its catalytic characteristics.
XRD Analysis of Nanogoethite-Toxin Complexes.
The basal spacing of nanogoethite before and after Cry1Ab protein adsorption was shown in Figure 7 . There was no expansion of the basal spacing when compared with the pure mineral alone, as the goethite is not layered mineral. The intensity of peaks, however, slightly decreased [26, 27] . The toxin extracted by alkaline solution is not crystal but amorphous powder; its adsorption results in a decrease of diffraction intensity of nanogoethite crystal. The XRD result showed that the adsorption and binding of Cry1Ab protein apparently occurred only on the external surface of mineral.
FTIR Spectra of Nanogoethite-Toxin Complexes.
As shown in Figure 8 , the three bands in native Cry1Ab toxin are centered at 1534, 1234, and 1029 cm The main absorption bands of nanogoethite are at 800 cm −1 ( -OH) and 897 cm −1 (hydroxyl bending vibration on Fe-OH-Fe) [28] and 1000 cm −1 and 3100 cm −1 , of free hydroxyl for bending vibration on Fe-OH. After the adsorption of Cry1Ab toxin, the amide A and methylene bands of the complexes occur at 3404 and 2922 cm −1 , respectively, and wavenumber shifts of 2-4 cm −1 were observed. The absorption band of Cry1Ab toxin at 1029 cm −1 shifted to 1039 cm −1 .
SEM Analysis of Nanogoethite-Toxin Complexes.
Morphology of nanogoethite (Figure 9(a) ) and nanogoethite-Bt toxin ( Figure 9(b) ) was observed on a scanning electron microscope (SEM, Hitachi S-4800). Before the adsorption of toxin, nanogoethite is in the state of aggregation of needlelike crystal. After the adsorption of toxin, the aggregation
